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ABSTRACT 
Currendy, ceramics are being used under increasingly demanding environments. This 
research involves the study of high-temperature stability of ceramic materials in two diverse 
applications. 
The first application involves the use of ceramic materials in gas turbines. SiC/ SiC 
ceramic matrix composites (CMCs) are increasingly being used in the hot-sections of gas 
turbines; and they are subject to recession of their surface if exposed to a flow of high-
velocity water vapor, and to hot-corrosion when exposed to alkali salts. This research 
involves developing a hybrid system containing an environmental barrier coating (EBC) for 
protection of the CMC from chemical attack and a thermal barrier coating (TBC) that allows 
a steep temperature gradient across it to lower the temperature of the CMC for increased 
lifetimes. The E BC coating is a functionally graded mullite (3Al20 3•2Si0 z) deposited by 
chemical vapor deposition (CVD), the TBC layer is yttria-stabilized zirconia (YSZ) deposited 
by air plasma spray (APS). The hybrid coating system demonstrated excellent physical and 
chemical stability under severe thermal shock and exposure to an aggressive hot-corrosion 
environment. Finite element modeling showed that through-thickness cracks reduce the 
v 
tensile stresses in the TBC, but also reduce the beneficial compressive stresses in the EBC, 
and may actually lead to the propagation of the vertical cracks into the EBC. 
The second application involves the formation of solar-grade silicon by an 
inexpensive and environmentally friendly electrochemical process using an YSZ solid oxide 
membrane (SOM) at elevated temperature (~1100 °C). The SOM membrane is exposed to a 
complex fluoride flux with dissolved silica, which is then electrochemically separated into 
silicon and oxygen. Membrane stability is crucial to ensure high efficiency and long-term 
performance of the SOM process. A failure model of the SOM membrane by the formation 
of "inner cracks" was studied, and attributed to yttrium depletion in the YSZ, which leads to 
phase transformation from the cubic to tetragonal phase. A series of systematic experiments 
were designed and performed to understand the synergistic roles of silica and YF3 in the flux 
in membrane degradation. It was shown that silica attacks the SOM membrane, while YF3 in 
the flux slows down the attack. The mechanism of the yttria depleted layer (YDL) formation 
was attributed to grain boundary attack by the silica in the flux, which was the rate-
controlling step. This led to rapid ingress of the flux into this attacked grain boundaries, and 
the out diffusion of Y &om the cubic YSZ grains to the grain boundary. This depletion of 
the Y &om the cubic grains transfotmed them into tetragonal. Once all of the cubic grains in 
the YDL region converted to tetragonal YSZ grains, no further diffusion occurred. Based on 
the stability test results, a new flux design was proposed and tested. The flux composition 
did not attack the SOM membrane, and successful separation of silica in the flux to phase 
pure Si crystals was demonstrated without apparent damage to the SOM membrane, thereby 
demonstrating the viability of the Si-SOM process. 
Vl 
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Chapter 1. Background and Overview 
Ceramic materials have played a big role in our daily lives since ancient times. More 
recently, advanced ceramics are being used in more and more high-temperature industrial 
applications due to their high melting temperatures, high hardness, low density and 
independence from strategic elements, compared to even the most state-of-the-art alloys [1]. 
Some of these applications include ceramic matrix composites (CMCs), environment barrier 
coatings (EBCs), thermal barrier coatings (TBCs), high-temperature electrolysis (THE), solid 
oxide membrane (SOM) processes, and solid oxide fuel cells (SOFCs). 
This research involves the study of the high-temperature stability of cerarmc 
materials in two diverse applications. The first application involves a hybrid mullite 
environmental barrier and an yttria stabilized zirconia (YSZ) thermal barrier coating (TBC) 
systems on SiC/ SiC ceramic matrix composites (CMCs) used in gas turbines. The second 
application involves a YSZ solid oxide membrane (SOM) process to produce solar-grade 
silicon by direct reduction of silica in an environmentally friendly process. This study aims to 
examine the stability of these high temperature ceramics under different corrosive 
environments. The EBC-TBC coating system is exposed to hot-corrosion in molten alkali 
salt environments while the YSZ SOM membrane is exposed to molten fluoride and silicon 
oxide flux environments, both at elevated temperatures. 
In this document, Chapter 1 discusses the general background and the driving force 
for studying the stability of high temperature ceramics. Chapters 2 and 3 document the 
stability studies of the two different applications; an EBC-TBC coating system, and the YSZ 
membrane used in the SOM process, respectively. Each chapter has its own introduction, 
1 
experimental, and conclusion sections. Chapter 4 1s the conclusion section of this 
dissertation. 
2 
Chapter 2. Stability of EBC-TBC Coatings on SiC/SiC Composites 
2.1 Introduction 
Gas turbines used in aerospace applications have been operating under increasing 
severe conditions during the course of its evolution. In order for gas turbines to operate 
under harsh environments, they often require protective coatings over the hot-zone 
components. The most common protective coatings are environmental barrier coatings 
(EBCs) and thermal barrier coatings (TBCs), which will be described ill detail ill the 
upcoming sections. 
Although significant portions of gas turbines are made from high-temperature 
superalloys, alternative materials such as Nb and Mo based metals were developed, but they 
each present their own challenges [2], [3]. There have been major efforts to introduce 
advanced ceramics into gas turbines since the 1970s (Figure 1). The figure shows that the 
focus has switched from monolithic to composite ceramic materials, mainly to overcome 
issues related to mechanical stability of monolithic ceramics that are too brittle and prone to 
catastrophic failure. 
2.1.1 Thermal Barrier Coatings (TBC) 
One of the signature trends in the aerospace industry is the increasing operation 
temperature of the gas turbines used to impart thrust (Figure 2). The fundamental driving 
force behind this is that higher temperatures lead to increased specific core power, better 
efficiency, and a reduction in environmentally harmful byproducts [5]. 
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The increase of operation temperature automatically brings higher requirements on 
the materials, especially in the hot section of the turbine (Figure 3). Current extreme turbine 
operation temperatures have exceeded the operation limit of superalloys. 
INTAKE COMPRESSION COMBUSTION EXHAUST 
Cold Section Hot Section 
Figure 3. Schematic of a modern gas turbine design [6]. 
In the recent decades, the use of thermal barrier coatings has been a standard 
practice for alloy-based engine parts and has proven to be an effective strategy to enhance 
the durability of the engine components. The adoption of TBCs offers a quantum leap in 
temperature capability equivalent to three decades of advancement in alloy design [7]. They 
are designed to maintain a steep temperature gradient across them as shown in Figure 4. The 
TBCs keep the temperature of the substrate materials significantly cooler than the 
surrounding hot gases. Thus, the role of a TBC is to act as a barrier to heat transfer. 
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Figure 4. A turbine blade coated with TBC with schematic drawing showing 
temperature profile [8]. 
2.1.2 Environmental Barrier Coatings (EBC) 
Replacing superalloys with ceramic materials (typically SiC and Si3N 4) significandy 
increases the melting temperature, allowing the turbines to operate at much higher 
temperatures. While mechanical behavior (cracking) was a major issue with monolithic 
ceramic materials, this has been largely solved by the introduction of ceramic matrix 
composites (CMCs). The most popular candidate among them is SiC/SiC composites 
consisting of SiC fibers embedded in a SiC matrix. However, mechanical failure is not the 
only degradation mechanism for SiC in gas turbine combustion atmospheres. In general, two 
additional chemical degradation mechanisms are common, i.e., recession and hot-corrosion. 
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Recession is a combined effect of oxidation of SiC to form silica and vaporization of 
the silica. At 1400 °C, the thermodynamic driving force for the oxidation of SiC is shown in 
Equation 1. 
SiC+ 1.502(g) = Si02 + CO(g); ~G = -815 kJ / mol Equation 1 
In the presence of water vapor moving with high velocity through the gas turbine, 
Si02 will form various volatile gaseous species such as SiO and Si(OH)4 [9]. Smialek and 
Robinson studied the recession of SiC, and the results are shown in Figure 5. They modeled 
the process and predicted recession rates of SiC in the range of 0.2 - 2 1-lm/ h at temperatures 
in the 1200-1400°C range [9] . These rates are very significant indicating that recession needs 
to be avoided in gas turbines with lifetimes of the order of a million hours. 
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Figure 5. Predicted recessiOn (1-1m/ side) for both fuel-rich and fuel-lean mixtures 
under standard conditions [9]. 
Hot-corrosion of SiC at elevated temperatures is also a well-known phenomenon. 
The fuel usually contains traces of alkali salts as impurities. When in service at high 
temperature, the alkali salts dissolve the silica layer and form various liquid silicates that 
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attack the SiC. This results in pit formation and weight gain in the samples. Figure 6 shows a 
schematic drawing of both recession and hot-corrosion process. 
Oxidation: 
SiC-?Si02 
Recession (weight loss): 
Combustion environment 
Si02+H20(g)-? Si(OH4) I Si-0-H 
Si(OH4) volatilization 
J 
Hot corrosion (weight gain): 
Na/K salt dissolves Si02 
forming various silicates 
Na2S04 7 Na20(s) + S03(g) 
Na20 + Si02 Na20·2(Si0z) 
Figure 6. Schematic drawing of recession and hot corrosion on SiC substrate. 
2.1.3 EBC-TBC Coating Systems 
~.1.3.1 lJvervie~ 
Since EBCs & TBCs improve the performance and lifetimes of the gas turbines in 
different aspects, it is logical to combine them together into a hybrid coating system. 
NASA's Ultra-Efficient Engine Technology (UEET) Program targeted SiC/ SiC CMC 
materials to be able to perform at 1315°C for 1000 hours. It was clear that the successful 
outcome would strictly rely on the performance of EBC-TBC protection layer(s) [10]. A 
recent review article has pointed out that in the next 10 years, a significant investment will be 
made on the development of effective EBC-TBC coating systems for SiC/SiC CMCs [4]. 
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2.1.3.2 Previous EBC-TBC Attempts 
There have been some reports from the gas-turbine industry on EBC-TBC hybrid 
system, mainly in the form of patents [11-13] . Ceramic thermal and environmental barrier 
coating ("TEBC" or "T /EBC") systems are applied over ceramic composites to achieve 
improved performance [14]. Some researchers have suggested certain single-layered coating 
materials that serve both as environmental and thermal barrier coating ("ETBC") [15]. It is 
clear that having effective EBC and TBC coatings over ceramic materials for advance 
turbine application is required. 
2.1.3.3 Current Status 
Deposition of reliable TBCs on superalloys is a mature technology, although 
adopting them over ceramic materials presents its own challenges. In contrast, EBCs are a 
relatively new technology, and a lot of recent efforts have focused on developing suitable 
EBC systems for ceramic materials. Relatively little academic research on investigating EBC-
TBC hybrid systems has been reported in the literature besides the previously mentioned 
patents. 
The lifetime of thermal barrier coatings (TBCs) is limited by two mam failure 
mechanisms, namely (i) thermal expansion mismatch between bond-coat and top-coat and (ii) 
bond coat oxidation [16]. In traditional TBC design, the bond coat is usually a protective 
oxide forming metallic alloy. For the ceramic systems, use of oxide materials eliminates the 
bond coat oxidation issue. 
For silicon-based ceramic components, mullite is widely used as the EBC material 
mainly due to its close CTE match and chemical compatibility with SiC [17]. Lee et al. 
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pioneered plasma-sprayed mullite-based EBC systems [18] on silicon-based ceramics (usually 
SiC). However after high temperature testing, they observed that the silica content from the 
mullite undergoes volatilization when water vapor is present in the environment, as shown in 
Figure 7. 
-rPorous 
-1-Alumina 
J Mullitc 
Figure 7. Silica recession m the plasma-sprayed mullite EBC coating after high 
temperature testing [19). 
In order to combat silica volatilization, Lee and coworkers deposited another coating 
with low silica activity on top of the mullite. Initially YSZ was chosen for this role [18], but 
the mullite/YSZ dual coating EBC system had durability issues due to the presence of alkali 
metals [20] [19]. However, the adhesion between the plasma sprayed mullite and YSZ layers 
appeared to be good, probably enhanced by mechanical interlocking of the rough interface 
between the layers. Further improvements were achieved when the YSZ top-coat was then 
replaced with low silica-activity Ba0-Sr0-Al20 3-Si02 (BSAS). The BSAS top-coat delayed 
the oxidation in water vapor by a factor of at least two and exhibited better crack resistance 
[21] [22]. 
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Current state-of-the-art EBC coating systems consists of three layers, all deposited 
by air-plasma spraying (APS). These are: 1) a layer of silicon bond coat on top of the silicon-
based substrate that aids coating adhesion, 2) a mullite or mullite/BSAS intermediate layer, 
and 3) and a BSAS top-coat. With this 3-layer configuration, two recent independent field 
tests with thousands of hours of service showed that the silicon layers were oxided 
significandy [23], [24]. The formation of this thick silica layer was usually the cause for 
cracking and spallation of the coating (Figure 8). These results show that there are durability 
issues with even the state-of-the-art EBC systems, and improvements are needed. 
EBC as deposited After field test 
Figure 8. Comparison of EBC coatings on turbine components before and after field 
tests [23) [24). 
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2.1.3.4 Conclusion From Prior Research 
A useful take away from the research reported above is that the adhesion between 
plasma sprayed mullite and YSZ layers appears to be strong in spite of the CTE mismatch, 
presumably due to the presence of the rough interface. Most failures occurred because the 
plasma sprayed layers had cracks and pores, and occasionally amorphous phases in the 
mullite layers, which underwent significant volume changes on crystallization. Also, lot of 
cracking and spallation was related to the silicon bond coat layer. 
In the proposed hybrid EBC/TBC coating system, the EBC is mullite-based, while 
the TBC is YSZ. The TBC is deposited by plasma spraying, but the EBC is deposited by 
chemical vapor deposition (CVD). This alloys dense, amorphous-region free deposition, 
along with additional advantage of the ability to easily functionally grade the mullite, as will 
be discussed later. The chemical bonding with the substrate during the CVD deposition also 
alloys for the elimination of the Si bond-coat, which is a primary source of long-term 
degradation. 
Various related topics including the reasons for materials selection and description of 
the deposition techniques will be described before introducing the hybrid EBC-TBC coating 
system design in detail. 
2.1.4 Materials Selection 
For the scope of this work, a primary focus is to use well-established materials for 
the EBC and TBC coatings. No alternative new materials are proposed. Instead, alternative 
processing techniques are proposed to design the coating system, such that the overall 
compatibility and stability issues can be resolved using well-established materials. 
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2.1.4.1 Mullite as an EBC Candidate Material 
Because of the focus of this study, a few related aspects of mullite will be briefly 
discussed. This reflects a significant body of research on CVD mullite carried out at Boston 
University by previous researchers [25-27]. 
Mullite is a promising protective coating material for silicon-based ceramics at high 
temperatures and it has been used successfully as an EBC material for commercial 
applications [28]. In this research, mullite is the material of choice for the EBC coating for 
the following important reasons: 1) Mullite has good CTE match with SiC over a wide range 
of temperatures (Figure 9). 2) It has high melting point (1840 OC) thus providing high 
temperature physical stability. 3) Mullite can be deposited over a range of alumina to silica 
ratio by tuning the input gas ratio in the CVD reactor, which can lead to functional gradation 
of coating properties [29] [30] [31]. 
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Figure 9. CTE of different materials at different temperatures. 
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Although the Al20 3-Si02 binary system is one of the most extensively studied system, 
there have been major disagreements regarding the composition range over which mullite is 
thermodynamically stable [32]. As generally accepted today, the stable mullite phase exist on 
the Al20 3-Si02 phase diagram up to ~1850 'C in the range of 71-75 wt% alumina as shown 
in Figure 10 [33], although this range can be significantly extended kinetically. The 
composition range of stable and metastable mullite is of specific interest to this study and 
will be discussed in more detail in the next section. 
20 40 60 80 
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Uutlite • liquid 
1500 
Uullll + silica 
20 40 60 80 
Al20 3 content (mol%) 
Figure 10. The Al203-Si02 phase equilibrium diagram, shows incongruent and 
congruent melting respectively [33]. 
The mullite solid solution is typically represented by the formula Al4+zxSiz-zx0 10-x 
with x ranging between 0.2 and 0.9 (corresponding to about 55-90 mol% Al20 3) [34]. The 
atomic structure of mullite can be derived from the closely related but structurally simpler 
compound sillimanite (Al2Si05, x=O) shown in Figure 11. 
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Figure 11. Crystal structure of sillimanite in projections down (a) the c-axis, and (b) 
the a-axis. Sillimanite provides a simple model to explain structural relationships in 
mullite. [34] 
Like mullite, sillimanite is composed of edge-connected Al06 octahedral chains that 
run parallel to the c-axis. In sillimanite, these octahedral chains are cross-linked by 
alternating chains of Al04 and Si04 tetrahedra in an ordered fashion. Mullite is formed, 
when the Si04 tetrahedra are substituted by Al04 tetrahedra. In order to maintain charge 
neutrality, an oxygen vacancy is formed when two Si4+ ions are replaced with Al3+, according 
to Equation 2. 
2Si4+ + 0 2- --+ 2Al3+ + D 
D = oxygen vacancy. 
Equation 2 
Due to similarities between Aland Si (number 13 and 14 on the periodic table), the 
Al and Si sites are interchangeable. It is this ability to substitue Si4+ with Al3+ and form 
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oxygen vacane1es for charge balance leads to a rearrangement and disordering of the 
tetrahedral cations, and allows the mullite structure to persist over a wide range of 
metastable compositions. Multiple techniques have been employed to produce mullite with 
different Al/Si ratio to achieve different goals (Figure 12). 
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Figure 12. Mullite (A4+zxSh-2x0w-x) solid solution and their typical forms, with x 
ranging between 0 and 1. 
2.1.4.2 YSZ as a Candidate Material for TBC 
YSZ has b een ex tensively used as a commercial TBC material since mid 20th century 
[35] [36] [37] due to its low thermal conductivity, high durability, relatively low cost, and the 
ability to tune its properties by tailoring the stabilizer composition [38], [39] . The 
performance and high temperature mechanical and chemical stability of YSZ is very well 
studied and it has been proven to be a very reliable candidate for TBC applications. 
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Therefore building upon previous success, this work will also adapt YSZ as the TBC material 
of choice. The structure properties of YSZ will be discussed extensively in the latter part of 
this thesis. 
2.1.5 Coating Methods 
There are number of different techniques available to deposit coatings. In this study, 
deposition techniques that are amenable to be scaled to industrial manufacturing settings are 
chosen. These are chemical vapor deposition (CVD) for the EBC and air plasma spray (APS) 
for the TBC. These two techniques are introduced in detail in the following sections. 
2.1.5.1 Chemical Vapor Deposition 
Chemical vapor deposition (CVD) is a well-established non-line-of-sight deposition 
technique, especially suited for batch processing. CVD produces high quality and dense 
coating at moderate growth rate. In this study, mullite (3Ah03•2Si0z) is grown using 
AlC13/SiC14/C02/H2 system (Equation 3) . A schematic drawing of the hot-wall CVD at 
Boston University is shown in Figure 13. 
Equation 3 
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1.Gas Cylinder 
2.Regulator 
3.Mass Flow Controller 
4.CVD Reactor 
5.Furnace 
6.SiCI4 Vapor Source 
?.AI Furnace 
a. Particle Filter 
9.Pressure Gauge 
10.N2 Ballast 
11.DryPump 
12.Neutralizing Tank 
13.Chill Shower 
Figure 13. Schematic drawing of CVD mullite system [25]. 
2.1.5.2 Plasma Spray Deposition 
Plasma spray falls under the general category of thermal spray techniques, and is a 
well-established and widely practiced technique for forming protective coatings over 
different materials [40] [41]. Figure 14a is a schematic of the plasma spray process in which 
the plasma arc produces high temperature of the order of 10,000 K The material being 
deposited is delivered to the plume in a powder form. The powders get entrained in the 
plume, and accelerate while heating up and melting. The molten particles impinge on the 
substrate, where they spread and solidify rapidly as splats. These splats accumulate on top of 
one another to form the coating. Figure 14b is a picture of an APS coating being deposited 
onto a turbine blade. 
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Figure 14. (a) Schematic drawing of plasma spray process and (b) photograph of an 
air plasma spray TBC being deposited on a turbine blade [42], [43]. 
Due to the thermal shock from rapid, characteristic properties of APS coatings are 
non-uniform microstructures, presence of microcracks and high porosity. A significant 
recent development in the APS technique is the ability to produce vertically cracked coatings 
[7] [44]. Figure 15a shows a traditional APS coating, which consist of mainly randomly 
orientated cracks formed during the plasma spray process. Figure 15b and Figure 15c show 
two different APS techniques that produce coatings with vertical cracks [45]. Figure 15d 
shows the typical structure of coating deposited by the electron-beam physical vapor 
deposition (EB-PVD) process. The columnar shaped grains have inherent vertical gaps 
between them. 
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Figure 15. Images of (a) traditional APS coating, (b) DVC APS coating, (c) SPPS 
APS coating, and (d) EB-PVD coating [45]. 
It is preferred to have TBC coatings with vertical cracks because they provide extra 
strain tolerance to the coatings allowing the coatings to be more physically stable when 
undergoing thermal cycling. Since vertical cracked coatings is a patented technology [46] [47] 
[48] [49], collaboration was sought with Plasma Technology Incorporated, a licensed vendor 
that supplies dense vertically cracked coatings to their customers. 
Another development in the APS community related to this project is the ability to 
produce coatings with varying composition. Different methods were investigated to do this. 
The first involved depositing multiple layers with composition varied in 25% steps [50]. The 
study concluded that although this technique is able to grade the coating composition, the 
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porosity inherent to the APS process allowed the corrosive atmosphere to penetrate through 
the pores and react with the substrate. Another method to functionally grade the coatings is 
by varying the composition within a same APS layer by a changing feed powder composition 
[51]. The solution-based precursor plasma spray is also able to produce compositionally-
graded coatings by changing the solution-feedstock [52]. 
2.1.5.3 CVD versus APS 
Both CVD and APS are mature technologies to produce coatings. However the 
coatings deposited by the two techniques are highly distinct in various aspects. Figure 16 
shows comparison of mullite coatings produced by (a) first-generation APS and (b) second-
generation APS (where the substrate was heated) and (c) CVD. As mentioned earlier and 
evident in these images, the APS coatings are very porous. This is not a desired property for 
EBC applications, since the coatings have to act as diffusion barriers to the corrosive 
environment. Heating the substrate for the second-generation APS coatings reduced, but did 
not eliminate the cracks and pores (Figure 16a and b). In contrast, the CVD mullite coating 
deposited in this study at Boston University (Figure 16c) is dense and porosity-free. 
Figure 16. Comparison of (a) first-generation APS (b) second-generation APS (c) 
CVD mullite [21]. 
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Table 1 summanzes the mam differences between CVD and APS deposition 
techniques that are significant to the EBC-TBC application. In general, CVD has a 
significantly slower deposition rate and is better suited for producing high quality coatings 
with smaller thicknesses, while APS is a much faster deposition technique better at 
producing thicker coatings. 
The high porosity and fast deposition rate makes APS a good technique to deposit 
TBCs. The role of the TBC is to act as a heat transfer barrier, and the high porosity 
decreases the effective thermal conductivity and the higher thickness allows for a larger 
temperature difference across the coating. 
The properties of CVD coatings such as high density and controllable chemistry 
make CVD a better technique to produce EBCs. Dense coatings are crucial an effective 
mass transfer barrier, and composition control is very useful to functionally grade the EBC. 
The slow growth rate also allows for fine control over coating properties as a function of 
thickness. Moreover, since CVD is not a line-of-sight process, it is ideally suited for batch 
processing and depositing uniform coatings over complex curva tures. The CVD process 
needs a significantly longer development time for a new coating. However, once the process 
is developed, coatings can be produced reliably at a mass scale using batch processing. The 
two deposition processes are compared and contrasted in Table 1. 
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Table 1. Comparison of CVD and APS deposition processes. 
Porosity Dense Porous 
Crack None Preexisting 
Adhesion Superior Moderate without addition bond 
coat, good with Si bond coat 
Composition Easy to manipulate Difficult to manipulate 
Thickness Thin Thick 
Crystallinity Complete crystalline Amorphous/ crystalline 
Manufacturability Slow deposition rate, Fast deposition rate, but substrates 
but multiple substrates can only be coated individually 
can be coated in one 
run 
Uniformity Not line of sight Line of sight 
(uniform) (non-uniform) 
2.1.5.4 Proposed EBC-TBC System 
Figure 17 shows a schematic of the EBC-TBC hybrid coating system. It consists of 
an EBC layer of functionally graded mullite on top of the substrate deposited by CVD, and a 
YSZ TBC deposited by APS over the EBC. 
Since the CVD mullite EBC is dense, the EBC thickness can be reduced significantly 
without sacrificing its diffusion resistance. This can lead to weight reduction, which is very 
important in aerospace applications. Moreover, both deposition techniques are mature, and 
the materials are well studied, allowing for an easier translation of the coating manufacturing 
processes to indusu:y. 
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•Temperature 
gradient 
•Phase stability 
•Diffusion barrier 
•Hot-corrosion and 
recession resistance 
APS TBC (YSZ) 
CVD EBC (mullite) 
SiC/SiC CMC substrate 
Figure 17. Proposed design ofCVD EBC + APS TBC hybrid coating system. 
2.2 Experimental Details and Results 
In the following sections, the 1) standalone EBC coating, the 2) the standalone TBC 
coating, the 3) the EBC-TBC hybrid coating system, and the 4) stability tests are outlined. 
2.2.1 CVD Mullite 
2.2.1.1 CVD Mullite on monolithic SiC 
The experimental details of depositing high quality CVD mullite coatings on 
monolithic SiC substrates can found in the literature [29] [53] [31] [30]. In this study, the 
successful deposition of uniform and dense CVD mullite coatings on monolithic SiC 
substrates was replicated, based on the literature data, as shown in Figure 18. 
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Figure 18. SEM images of CVD mullite on monolithic substrate, right one is the 
EDX mapping of O,Al,Si. 
2.2.1.2 CVD Mullite on SiC/SiC CMC 
In this study, CVD mullite coatings were deposited on SiC/SiC CMC substrates. The 
samples obtained from PTI Technologies Inc., represents commercial CMCs currendy being 
used in the aerospace indusuy. Figure 19 shows the general appearance of these composite 
substrates in the as-received state. The figure shows that these substrates have more 
complicated surface morphology than typical monolithic SiC. The CMC substrates are cut to 
1 em by 1 em squares, and ultrasonically cleaned with ethanol and acetone prior to CVD 
deposition. 
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Figure 19. As received SiC/SiC CMC substrate. 
Coatings were examined by x-ray diffraction (XRD) for phase identification. The 
surface and cross-section microstructures were examined by scanning electron microscopy 
(SEM). Figure 20 shows uniform mullite coatings were deposited with good coating 
coverage over fibers and local surface curvature of the sample. This underscores the fact that 
the CVD process is amenable for deposition over complex motphologies. XRD results (data 
not shown) showed that the mullite in the coating was phase pure. This represents the first 
time CVD mullite coatings have been deposited on CMC substrates. 
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(d) 
Figure 20. CVD mullite on SiC/SiC CMC substrate (a) top view (b) cross section (c) 
over SiC fiber (d) over surface curvature. 
2.2.1.3 Composition Flexibility ofCVD Mullite 
One strength of using the CVD process to deposit mullite is the ability to vary the 
aluminum to silicon ratio during the deposition process [31]. Figure 21 shows two CVD 
mullite coatings. On the left is a coating that is not compositionally graded, i.e. the Al and Si 
composition are constant at stoichiometric ratio of ~ 3 throughout the coating thickness. On 
the right is a coating that has an Al:Si ratio that changes within the coating thickness with the 
Al/ Si ratio increasing to a value of ~8. 
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Figure 21. Composition and dot-maps of (left) ungraded and (right) functionally 
graded CVD mullite coatings. 
There are two significant advantages to making surface Al-rich mullite coatings by 
functionally grading them. First, the alumina-rich mullite has a larger CTE, thereby reducing 
the CTE mismatch between mullite and YSZ at the EBC/TBC interface. The EBC layer will 
then effectively act as a CTE bridge between substrate and TBC (Figure 22). Second, the 
reduced silica activity at the surface of the EBC will minimize silica volatilization and hot 
corrosion in gas turbine environments. The effectiveness of functionally grading mullite to 
alumina-rich composition on improving hot-corrosion resistance has been demonstrated 
previously [53]. 
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Figure 22. CTE mismatch between SiC and Zr02, mullite acts as CTE bridge by 
high Al203 content. 
2.2.1.4 Nanolayer in CVD Mullite 
From previous studies on the growth mechanisms of CVD mullite, a nanocrystalline 
has been identified [54], which consist of alumina nanocrystals embedded in a vitreous silica 
matrix (Figure 23). 
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Figure 23. TEM images showing the nanolayer in CVD mullite coating [54]. 
This nanolayer is not desired for EBC applications, because at high temperature the 
silica in nanocrystalline layer can devitrify to at 1400 °C. Cristobalite undergoes a significant 
volume change on cooling, resulting in crack formation and coating spallation. However, it 
has been shown that an annealing step at around 1250-1300 OC to complete mullitization of 
the nanolayer, resulting in equiaxed mullite grains (Figure 24) [54]. 
[214] Inullite 
Figure 24. Complete mullitization of a nanocrystalline layer annealed at 1300 C for 
100 hr [54]. 
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2.2.1.5 Adhesion ofCVD Mullite on Substrate 
Preliminaty thermal shock tests were perfotmed to characterize the adhesion and 
oxidation resistance of the EBC mullite coated substrates. The samples were moved in and 
out of the flame of an oxyacetylene torch multiple times (Figure 25). 
Heat up 
Cool down 
Figure 25. Oxyacetylene torch flame test with CVD coated sample. 
Samples were brought to white-appearance by holding under the oxyacetylene flame, 
held for ~ 3 seconds, and then immediately moved away from the flame, which is equivalent 
to a 1400+ OC thermal shock. The coated samples (Figure 26) exhibited virtually no weight 
change after 50 cycles. Coatings on both samples appeared to be well-adhered with n o 
visible change in appearance after this test. This test demonstrates the excellent adherence 
and oxidation resistance of the CVD mullite coatings. 
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Figure 26. Weight change of coated monolithic SiC and SiC/SiC CMC sample after 
number of oxyacetylene torch thermal shock cycles. 
2.2.2 APS YSZ 
The quality of the APS YSZ coatings appeared to be consistent across multiple 
samples. A typical coating is shown in Figure 27. Since plasma spray with YSZ is an 
extensively practiced technique, no additional modifications were needed for the TBC 
deposition. 
Figure 27. Cross section view of typical APS YSZ over substrate. 
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Within the scope of this study, the YSZ coatings were deposited under standard 
deposition conditions as described in Table 2. Commercial powder with size range of 10-75 
1-1-m and a composition of Zr02-7% Y20 3 was used as feedstock. 
Table 2. Plasma spraying parameters 
Primary gas, Ar 01 min) 40 
Secondary gas, He 01 min) 10 
Carrier gas, Ar 01 min) 3 
Current (A) 700 
Voltage (V) 40 
Feedrate (RPM) 3 
2.2.3 EBC-TBC Hybrid System Stability 
2.2.3.1 Compatibility and Stability between Different Layers 
Above results demonstrated the feasibility of TBC and EBC coatings individually. 
However, the combination of APS TBC deposited on CVD EBC has not been explored 
before. TBC top-coats were deposited on CMC samples coated with different CVD mullite 
designs, namely: 1) as-deposited stoichiometric mullite, 2) functionally graded CVD mullite, 
and 3) functionally graded and annealed mullite (Figure 28). 
33 
Figure 28. Photograph of APS YSZ on 1) as-deposited stoichiometric CVD mullite 
EBC coated SiC/SiC CMC, 2) as-deposited functionally graded CVD mullite EBC 
coated SiC/SiC CMC and 3) functionally graded and annealed CVD mullite EBC 
coated SiC/SiC CMC. 
Upon deposition of the TBC layer, that the as-deposited stoichiometric mullite EBC 
did not perform well (sample 1 in Figure 28). Decohesion can be observed at both the 
substrate/EBC and EBC/TBC interfaces (Figure 29). It should be noted that the plasma 
spraying process involves a huge thermal shock when the molten particles splat onto the 
substrate and undergo rapid solidification. The decohesion occurred happened right after the 
TBC coating was sprayed, implying that it is this initial thermal stress from the deposition 
process caused the spallation. 
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Figure 29. Schematic of the location of decohesion after TBC-deposition. 
The decohesion at the EBC/TBC interface was due to the CTE mismatch between 
mullite and YSZ (Figure 22). By tuning the coating composition to be alumina-rich, the CTE 
is expected to increase and reduce the CTE mismatch with YSZ. The compositionally 
graded mullite layer acts as a CTE bridge (Figure 22), resulting in the observed adhesion at 
the EBC/TBC interface for samples 2 and 3 (Figure 29). 
The decohesion at the EBC/ substrate interface ill samples 1 and 2 was due to 
devitrification of the nanocrystalline layer (green layer in Figure 29) at high temperature [54]. 
This could be avoided by annealing the sample to convert the nano-layer to equiaxed 
crystalline mullite. It corresponds to sample 3 in which both interfaces remained intact. This 
underscores the important of functionally grading the EBC coating and subjecting the as-
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deposited EBC sample to the mullitization anneal of the nanocrystalline layer before the 
TBC deposition. 
2.2.3.2 EBC-TBC Prototype 
Figure 30 shows the hybrid coating system with the engineered CVD mullite EBC 
and the air plasma sprayed YSZ TBC. The CVD mullite coating was functionally graded and 
annealed for complete mullitization, and the APS YSZ coating was deposited with standard 
processing parameters (Table 2). 
1 IJm nanocrystalline layer in EBC 
. " 
150 ~o.un lHC 
• t _. 
Figure 30. Cross section SEM image of functionally graded CVD EBC and APS TBC 
hybrid system. 
The figure validates the following features: (1) The 1 ~-tm thick mullitized 
nanocrystalline layer is evident and intact (top right inset). (2) The EDX mapping (bottom 
right inset) showed the EBC layer is functionally graded with higher Al content on top . (3) 
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Good adhesion is obsetved at both EBC/substrate and EBC/TBC interfaces. (4) The EBC 
is significantly denser and thinner compare to the plasma sprayed (~10 f..lm single-layer 
versus ~125 f..lm three-layered EBC). 
2.2.4 Thermal Cyclic Testing 
To compare the stability performance of CVD EBC to plasma sprayed EBC in a 
hybrid EBC/TBC coating system, three SiC/SiC CMC substrates were coated with different 
EBC and TBC configurations as detailed in Table 3. Sample 1 was deposited at Boston 
University, and samples 2 and 3 were deposited by our industrial partner, PTI. 
Table 3. Description ofEBC/TBC hybrid systems 
Sample Schematic Structure Description 
1 dense APS ( -lSOum) SiC-SiC composite I functionally graded 
(BU) CVD mullite, graded, annealed ( -lOum) CVD mullite EBC (-10 J..tm) I plasma 
CMC substrate sprayed TBC (-150 J..tm) 
2 APS v.c YSZ (-250um) SiC-SiC composite I Plasma sprayed mullite 
(PTI) A PS mullite bond coat ( -75um ) bond coat EBC (-76 J..tm) I vertically 
CMC substrate cracked top coat TBC (-250 J..tm) 
3 APS v. c YSZ ( -250um) SiC-SiC composite I Plasma sprayed Si bond 
(PTI) APS intermediate mullite ( -SOum) coat (-76 J..tm) I plasma sprayed intermediate 
APS Si bond coat ( -75um) mullite EBC (-51 J.lffi) I vertically cracked 
CMC substrate top coat TBC ( -254 J..tm) 
These samples were thermally cycled between the hot zone and cold zone of a 
vertical furnace held at 1400 OC. The schematic drawing and temperature profile are shown 
in Figure 31, which shows that the samples experienced a thermal shock of around 1200oC 
(between 200 OC and 1400 °C). Samples were held at each zone for 30 minutes and then 
rapidly moved to the other zone. 
37 
1600 
Temperature Profile (Setpoint at 
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Figure 31. Schematic drawing of the thermal cyclic testing and the temperature 
profile ofthis furnace. 
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After 7 cycles, sample 1 and 3 appeared unchanged, but severe spallation was evident 
in sample 2 (Figure 32). 
2 3 
1 2 3 
Figure 32. Sample 1,2,3 after 7 cycles of 200 "C/1400 "C cyclic test. 
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The three samples were carefully protected with low melting point epoxy for edge 
retention, and then mounted in epoxy, cross-sectioned, and polished. SEM images of sample 
1, 2, and 3 are shown in Figure 33, Figure 34 and Figure 35, respectively. 
Figure 33. Sample 1 after the 200C/1400C cyclic test, (left) overall view of the EBC 
and TBC layers, (right) zoomed-in section at the EBC layer. 
As can be seen in Figure 33, sample 1 (CVD mullite + APS YSZ) performed well 
after the thermal test, with no visible decohesion or cracks at the interfaces or in the EBC 
coating. 
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Figure 34. Sample 2 after the 200C/1400C cyclic test. 
Sample 2 (APS mullite EBC and vertically cracked APS YSZ TBC) is shown in 
Figure 34. The presence of intentionally placed vertical cracks in the TBC is evident as 
denoted in the figure by arrows. Severe spallation is evident at the EBC/ substrate interface. 
More careful inspection (right insets in Figure 34) showed that multiple vertical cracks 
propagated from the TBC into and through the thickness of the mullite layer. Therefore, 
although the vertical cracks are desired in the TBC for increased coating compliance, they 
could have a significant negative influence on the neighboring EBC. 
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Figure 35. Sample 3 after the 200 ·c I 1400 ·c cyclic test. 
Figure 35 shows sample 3 (APS silicon bond coat, APS mullite EBC, and APS 
vertically cracked YSZ TBC), which is close to the state-of-the-art configuration currently 
available. It performed well overall, with all layers intact and well adhered. However upon 
close inspection, the 0 /Si EDX mappings (Figure 35 right) revealed an internal crack in the 
silicon layer. Around the crack, Si02 formation was observed, indicating that the oxygen-
containing atmosphere had direct access to the bond coat. The presence of the large vertical 
cracks through the EBC and TBC layers, as well as the presence of smaller microcracks 
inherent to the plasma spray process is probably responsible for this phenomenon. Thus 
although the Si bond-coat layer was needed for adhesion at the plasma-sprayed 
EBC/ substrate interface, the layer itself is relatively weak and prone to oxidation attack. This 
observation agrees with recent field test study results [23] [24]. 
Sample 1 was furd1er exposed to a 100-cycle cyclic iliermal shock test. Table 4 shows 
the weight change of the sample at various stages of the cyclic thermal shock test. The data 
showed slight weight gain during the initial cycles, consistent with Si02 formation on the 
uncoated parts of the substrate. More significantly, there is no weight loss, which would 
occur if coating spallation occurred. 
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Table 4. Weight change data of sample 1 through 100 cycles of cyclic thermal shock 
experiment. 
Srep Weighr (~) 
Before 0.1632 
Aller 21 cycles 0.1632 
.-\tier 43 cycles 0.1633 
After 65 cvcles 0.1633 
Afler 86 cycles 0.1633 
.-\Her 100 cvcles 0.1633 
This is consistent with the photographs taken at various stages of the test as shown 
in Figure 36. No cracking or spallation was observed, suggesting that this hybrid coating 
system has excellent adhesion at all interfaces. 
Before After 21 cycles After 43 cycles 
After65 cycles After 86 cycles After 100 cycles 
Figure 36. Photos of sample 1 through the 100 cycles of cyclic thermal shock 
experiment. 
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To conclude, the thermal cycling test demonstrated that sample 1 with the proposed 
BU design performed better than the current state-of-the-art design (sample 3) produced by 
PTI (Figure 37). Besides the superior performance, the BU coating system has a significandy 
thinner EBC layer, which leads to weight reduction, a feature that is attractive in aerospace 
applications. 
BU 
PSdense ("' lSOum) 
CVD mullite,graded,annealed ("' loum) 
CMC substrate 
vs. 
PTI 
PS v. c YSZ ( ~250um) 
PS intermediate mullite ( ~soum) 
PS Si bond coat ( ~75um) 
CMC substrate 
Figure 37. Schematic of the BU and PTI hybrid coating systems. 
2.3 Hot Corrosion Test 
A hot corrosion test was carried out to test the effectiveness of the three hybrid-
coating systems, following previously established testing procedures [53]. A Na2S04 loading 
of 15 mg per square em of substrate surface was applied by spraying a solution of reagent 
grade Na2S04 in distilled water on the substrate. These Na2S04 loaded samples were then 
placed in alumina boat and exposed to a flowing oxygen environment in a tube furnace at 
43 
1200 oc for 100 hours. The oxygen flow rate was kept at 200 SCCM. After the test, the 
samples were weighed, and then cross-sectioned for SEM observation. 
2.3.1 Uncoated Samples 
Uncoated substrates of monolithic SiC and SiC/SiC CMC were used as reference 
samples. Figure 38 showed that ~ 10 f.UI1 degradation layers were observed on both samples, 
EDS mapping suggests they are composed of silicon dioxide and sodium silicates. 
(b) 
(c) (d) 
Figure 38. Hot corrosion of bare (a)-(b) monolithic SiC substrate and (c)-(d) SiC/SiC 
CMC substrate, polished cross section SEM (a and c), and EDS elemental mapping 
(band d). 
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2.3.2 Coated Samples 
Figure 39 shows sample 1 (SiC/SiC CMC coated with CVD-EBC and APS-TBC) 
after the hot-corrosion test. A significant amount of sodium was observed throughout the 
TBC layer, mainly at the surface and inside the pores. However the sodium migration 
stopped right above the mullite layer, demonstrating the effectiveness of the EBC mullite 
layer to block sodium penetration (Figure 39b). The mullite layer remained dense and 
sodium free confirming the inertness of functionally graded mullite EBC to hot-corrosion 
attack at elevated temperatures. Additionally, no SiC oxidation below the mullite layer was 
observed (Figure 39b), indicating that the mullite EBC also acted as an effective oxygen 
transport barrier. 
SiC matrix 
(a) (b) 
Figure 39. Hot corrosion sample 1. (a) SEM image of the cross-section, and (b) EDS 
mapping overlay ofNa (red), 0 (green), Si (yellow). 
Sample 2 and sample 3 were produced with vertically cracked APS TBC topcoat. 
Hot corrosion of sample 2 (Figure 40) showed that the stlucture of the dual coating system 
is mostly maintained. However EDS mapping revealed that a vertical crack acted as a 
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channel to facilitate unwanted sodium penetration (shown by arrow). After sodium 
penetrated through the TBC-EBC protection, they reacted and formed silicates at the 
EBC/substrate interface. Another obsetvation is the oxidation of the SiC fibers m the 
substrate because oxygen was able to penetrate Vla the cracks and pores in the plasma 
sprayed TBC and EBC. Figure 40 (right) shows that regions below vertical cracks exhibited 
increased crack and pore formation. 
Figure 40. Hot corrosion of sample 2, coated with plasma sprayed EBC and TBC: 
(right) SEM of the cross-section, and (left) EDS mapping overlay of Na (red), 0 
(green), and Si (yellow) in the selected area. 
Sample 3 (APS Si-bond coat, mullite and YSZ, state-of-the-art configuration) 
performed poorly for this hot corrosion test. Figure 41 showed that a significant portion of 
the Si bond-coat is missing. The exact mechanism leading to this is not clear, but mechanism 
could be the oxidation of silicon to silica, hot-corrosion of silica to molten silicates that can 
then volatilize. There is significant sodium penetration through the TBC and EBC, leading 
to the formation of Na rich compounds at the EBC/substrate interface. As concluded after 
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the thermal cycling tests, it is believed that the intentionally placed vertical cracks in the TBC 
are not beneficial to the EBC. 
Figure 41. Hot corrosion of sample 3: (right) SEM image of the cross-section, and 
(left) EDS mapping overlay of Na (red), 0 (green), and Si (yellow) in the selected 
area. 
To conclude, the results from the hot corrosion test suggest: i) The TBC has little to 
no effect of blocking salt penetration, ii) CVD mullite is significantly superior in blocking the 
salt penetration and substrate oxidation compare to APS coatings, iii) vertical cracks 
propagate from the TBC to the EBC and provide unwanted channels for the salt and oxygen, 
and act as initiation points for interfacial cracks between the coating and substrate, and iv) 
the silicon bond-coat oxidizes, and undergoes hot-corrosion, leading to significant interfacial 
pore-formation the hot corrosion test. 
2.4 Computational Study 
Since the above discussed experiments suggest that through-thickness vertical cracks 
m the TBC, that are known to provide strain tolerance in the TBC, seem to propagate 
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through the APS EBC, leading to the initiation of coating failure, it is important to ask is 
vertical cracks are good for the APS TBC/CVD EBC system being developed at BU. To 
answer this question, a computational study was carried out. 
2.4.1 The COMSOL Model 
Interfacial and internal stresses are the main causes of coating spallation and failure 
when operating at high temperatures. In this part of the study, a computational model 
(Figure 42) was constmcted using COMSOL® Multiphysics version 4.3 with MA TLAB® to 
study the stresses in the EBC-TBC system, as a function of a) functional grading profile in 
the EBC b) coating geometry (thickness), and c) density and depth of vertical cracks in the 
TBC [55] . 
30 
20 
lU 
-10 
Figure 42. Mesh for a) no crack model b) vertical crack model c) no crack model, 
showing boundary layers near interfaces d) vertical crack model showing boundary 
layers near interfaces and high mesh density near crack tips. 
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The geometry of this two-dimensional model includes a 2000 f!m thick SiC/SiC 
composite substrate coated sequentially with a stoichiometric CVD mullite (15 f!m) EBC and 
a 7 mol% air plasma sprayed YSZ (300 f!m) TBC. A three-step process simulates the 
deposition of CVD mullite and YSZ coatings on the substrate and subsequent heating of the 
multilayer system to working temperature. In the first step, mullite is deposited in a zero-
stress condition on substrate at CVD temperature of 1248 K. In the second step, YSZ is 
deposited in a zero-stress condition at the YSZ melting temperature (2973 K) on top of the 
mullite coating. The two bottom layers are subject to the initial stresses of the first step. All 
layers are then cooled to room temperature. In the third step, a temperature of 1773 K is 
applied to the top boundary and convective cooling occurs on the bottom boundary of the 
substrate to represent the operating conditions of turbine blade. The materials properties 
used in the simulation are described in Table 5. 
Table 5. Material properties of the COMSOL model [55] 
8mol 
mullite SiC/SiC YSZ CMC 
Elastic modulus [GPa] 45 150 220 
CTE [1 o-6 1 /Kl 10.5 4.5 4.75 
Density [kg/ m3] 5540 3200 2760 
Poisson's Ratio 0.1 0.28 0.156 
Thermal Conductivity fW /m-Kl 1 3.5 17 
Specific Heat ll /kg-Kl 655 1225 1300 
49 
2.4.2 Simulation Results and Discussion 
Figure 43 shows the stress distribution in ungraded EBC/TBC coating system at 
room temperature, indicating that the TBC is in tension and the EBC is in compression. 
Figure 44a shows the region of the TBC/EBC/substrate around the center-line marked in 
Figure 43 at a higher magnification, but at working temperature. Again, the TBC is in tension 
and the EBC is in compression. 
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Figure 43. 6"" for an ungraded EBC at room temperature. The TBC is in 
tension, and the EBC is in compression. 
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Figure 44. Cracks reduce the tensile stresses in a 300 Jim TBC at temperature, 
proportional to their depth of a) 0 urn b) 225 Jim c) 200 Jim d) 150 Jim. However, this 
leads the stresses in the EBC to become less compressive, and even becomes tensile 
below the crack tip. 
Figure 45 shows the effect of the crack depth of vertical cracks in the TBC, at 
temperature. As the crack depth increases, the tensile stress in the TBC decreases, due to 
increasing TBC coating compliance. This increase in TBC strain tolerance is the reason 
vertical cracks are put into advanced TBCs. However, as can be seen in Figure 45, the 
presence of increasingly penetrating vertical cracks in the TBC leads to a reduction in the 
magnitude of compressive stresses in the EBC. This is undesirable, since the compressive 
stresses protect the EBC from crack initiation and propagation. In fact, as the crack depth 
increases, the crxx stresses can go to tensile below the crack tip, implying that there is a 
definite driving force for the TBC vertical cracks to propagate into the EBC coating, as seen 
51 
in the vertically cracked TBC/ APS EBC systems. This is also seen in Figure 46, which shows 
the stress distribution along a horizontal cut-line in the EBC, parallel to the EBC/ TBC 
interface. The figure shows that as the vertical cracks penetrate deeper into the TBC, the 
stresses in the EBC below the crack tip goes from compressive to increasingly tensile, with 
the maximum magnitude of tensile stress being when there is a through thickness vertical 
crack in the TBC. 
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Figure 45. Comparison of uxx at room temperature for several crack depths. Cut-line 
taken at constant y through the EBC, adjacent to the TBC interface. Working 
temperature profile is lower in magnitude but follows the same dependence on crack 
depth. 
Figure 46 and Figure 46 show, the distribution of a= along the same horizontal cut 
line in the EBC, for through thickness cracks in the TBC as a function of crack spacing, at 
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room temperature and working temperature, respectively. The figure shows that increasing 
the crack spacing reduces the magnitude of this tensile spike in the EBC below the crack tip. 
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Figure 46. Comparison of oxx for several crack spacings at a) room temperature and 
b) working temperature. Cut-line taken at constant y through the EBC, adjacent to 
the TBC interface. 
2.5 Conclusion 
B 
A uruque combination of functionally graded CVD mullite as the EBC and APS 
YSZ as the TBC in a hybrid coating system is proposed, processed, and tested. By annealing 
and grading the mullite coating, this engineered EBC layer demonstrated good adhesion to 
both the substrate and TBC interfaces. This new design calls for an EBC that is significandy 
thinner and simpler than the current state-of-the-art configuration. 
53 
This dual layer system was manufactured usmg well-established materials and 
techniques. This research demonstrated the ability to: (1) Deposit thin, uniform, dense and 
adherent mullite coating on SiC/SiC CMC substrates for the first time. (2) The ability to 
engineer and tailor properties of the CVD mullite to meet specific needs such as improving 
adhesion and adding extra functionality. (3) Verify the oxidation and hot-corrosion 
resistance of this new hybrid coating system. 
The coating system exhibited good adhesion at both interfaces during thermal 
cycling tests. Hot corrosion tests showed that the BU coating system performed better than 
plasma sprayed coating systems, modeled after the state-of-the-art configuration, and 
deposited by our industrial partner, who supplies coatings to gas turbine manufactures. A 
computational model was developed to predict in-situ stresses at operation temperature, 
which provided valuable insight into the role of vertical cracks in the TBC. Even through 
these cracks were good for the TBC due to their role in reducing the tensile stresses, they 
reduced the compressive stresses in the EBC, and could potentially lead to tensile stresses in 
the EBC below the cracks. This would allow for the propagation of these cracks into the 
EBC, initiating sites for coating failure. 
2.6 Future Outlook 
This research has demonstrated that functionally graded mullite EBC coatings 
deposited by CVD and APS YSZ coatings is a viable alternative to the existing state-of-the-
art plasma sprayed coating systems in use today, at least in context of the tests carried out in 
this work. The stress simulation shows interesting correlations between vertical crack density, 
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depth and spacing in the TBC. While it is clear that these vertical cracks in the TBC are good 
for the TBC itself, it is unclear what crack geometry would be best for the EBC/TBC 
coating system. Future work should attempt to answer this question experimentally, using 
the results of the simulations in this study to deposit coating systems with different vertical 
geometries in the TBC. 
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Chapter 3. Stability and Processing in Silicon SOM 
3.1 Introduction 
The Solid-Oxide Oxygen-Ion-Conducting Membrane or Solid Oxide Membrane 
(SOM) process [56], [57] has great potential to produce pure high-value metals directly from 
their oxides at low cost and in an environmental friendly fashion (Figure 47). Previously, 
efficient production of various metals (e.g. magnesium, tantalum, titanium, ytterbium) has 
been demonstrated by the SOM process [58-61]. 
H2(g) + 0 2-(YSZ) --> H ,O(g) + 2e-
-
Anode 
Solid-oxide oxygen-ion-conducting 
DC + 
-
) 
Electron 
now 
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0 2- (melt)-~ 0 2- (YSZ) 
Ionic melt with dissolved MeO 
Me n- (melt)+ ne· -~Me 
Cathode (inert) 
Figure 47. Schematic drawing of SOM process for metal (Me) production by 
direction reduction of its oxide (MeO) [56]. 
3.1.1 The Silicon-SOM Process 
The silicon SOM ("Si-SOM" hereon in this document) process is designed to 
produce solar-grade silicon directly from silica (SiOJ. A simplified schematic drawing of the 
process is shown in Figure 48. Although the overall principles for the SOM process to 
56 
produce different metals are the same, the SOM processes for each metal has its set of 
unique challenges. These include: different flux designs, different anode and cathode 
materials, different operating condition, different deposit collecting techniques, etc. 
In the Si-SOM process, order to provide reader an overall understanding of this 
process, following is a very general overview of the Si-SOM: the flux (referred 
interchangeably as "ionic melt" or (molten) "salt" as shown in Figure 4 7 and Figure 48) is 
composed of an eutectic composition of BaF2 and MgF2, which is molten at the operation 
temperature of around 11 00°C. Silica is dissolved into the flux at elevated temperature, 
where they are separated into their ionic components. The silicon cations are reduced at the 
cathode by the supply of electrons, while oxygen anions diffuse through the solid oxide 
conducting membrane to the anode, where they are oxidized by losing their electrons and 
convert to pure oxygen gas. 
Solid Oxide 
Conducting 
Membrane 
(anode) 
Pure 
oxygen 
gas 
l 
+ 
Salt with Si02 
(around I OOOC to 1400C) 
Silicon 
deposited 
ont.o 
cathode 
Figure 48. Simplified schematic of a typical Si-SOM process. 
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3.1.2 Oxygen Diffusion in Yttria-Stabilized Zirconia (YSZ) 
Yttria-stabilized zirconia (YSZ) is used as the material for the oxygen-ion-conducting 
membrane. The oxygen ion conductivity in pure zirconia (ZrOz) is low. Yttria (Y20 3) is 
added to zirconia to form YSZ for structural reasons, which will be discussed later. The 
addition of yttria also has a very significant effect on its oxygen ion conductivity, since 
oxygen vacancies are formed according to the defect incorporation reaction below (Equation 
4). 
Equation 4 
Thus, for every mole of yttria added, 1 mole of oxygen vacancies is created. With 
sufficient yttria addition, the increase in the oxygen vacancy concentration allows the YSZ to 
behave as an excellent oxygen ion conductor at elevated temperature, which is an important 
property of the solid oxide membrane in the Si-SOM process. 
3.1.3 Phase Transformations in YSZ 
Figure 49 shows the Zr02-Y203 phase diagram on the zttcorua rich side. Pure 
zirconia undergoes a transformation from the tetragonal (t) to monoclinic (m) phase on 
cooling below 1173°C. This is accompanied by a large volume increase (~9%), which makes 
pure zirconia an unsuitable ceramic for high temperature applications. Addition of 
"stabilizers" like yttria leads to a cubic (c) phase, which does not undergo any transformation 
on cooling, leading to "fully stabilized zirconia". The most commercially attractive 
compositions lie in the 6-11 mol% yttria range. A large portion of this composition 
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corresponds to a high temperature phase mixture of tetragonal and cubic, and this material is 
referred to as "partially stabilized zirconia". The cubic phase stabilizes the tetragonal phase 
even at lower temperatures, and the tetragonal phase remains in a metastable form, even at 
temperatures below 500°C. Thus, this tetragonal phase is referred to as the "non-transferable" 
tetragonal (t') phase. 
cubic (c) 
t + c 
m+c 
2.5 5 7.5 10 
mol% Y203 
Figure 49. Phase diagram of zirconia and yttria with low yttria content [62). 
The phase diagram shows that the commonly encountered phase transformations are: 
1) tetragonal to monoclinic (t-?m) on cooling in the low-yttria composition regine, 2) cubic 
to tetragonal phase transformation (c-?t) on yttria loss in the (c+t) two phase regime, and 3) 
tetragonal to cubic phase transformation (t-?c) on yttria addition in the (c+t) two phase 
regime. The monoclinic phase formation is highly unwanted due to the big volume change, 
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leading to mechanical failure. The c~t and t~c transformations are less harmful if they 
occur within the t' range. 
3.1.4 YSZ Membrane Stability Issues in Si-SOM 
It is critical that the YSZ membrane remains stable throughout the Si-SOM process. 
The ability of the membrane to maintain its physical and chemical integrity is crucial for the 
economical viability of this process. However, early Si-SOM experiments led to consistent 
cracking of the SOM tubes, which is a reflection of the high temperature and the chemical 
aggressive environment the tube is exposed to (Figure 50). This cracking is highly 
undesirable because: 1) the cracks allow water vapor or oxygen gas to leak out and re-
oxidizing the deposited metal, 2) the flux can reach the anodic side, and initiate unwanted 
chemical reactions with the anode, 3) if a liquid anode is used, it can leak out, thus greatly 
reducing or even break the current flow, and 4) the cost of constantly replacing the 
expensive tubes. Part of this study was dedicated to understand the cause of the cracking, 
and subsequently develop strategies to improve their stability and prevent cracking. 
Figure 50. Cracking in the YSZ membrane observed after the Si-SOM process. 
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3.1.4.1 Inner Cracking Phenomenon 
Figure 51, shows some of the observed cracks in the SOM membrane. The cracks 
appear to be mostly radial. Interestingly, most of the cracks did not extend through the 
thickness of the membrane, although in some cases, the cracks did run through the entire 
thickness (marked by red arrows in Figure 51(b)). In most cases, however, there was a fairly 
unifotm band extending from the surface inward, which had a different contrast than the 
"bulk" of the membrane. The cracks appeared to stop abruptly at the interface between this 
surface layer, and the bulk. The cracks tl1at mostly span the thickness of the bulk of the 
membrane will be referred hereon as "inner cracks". 
Run 13 Run 15 
/ 
\ 
(a) (b) 
Figure 51. SEM cross section images of membrane after SOM experiment from run 
13 and run 15. 
3.2 Stability Tests- Experimental Details and Results 
3.2.1 Preliminary Stability Test 
Preliminary stability tests were performed to gam insight into the inner crack 
formation, and to see if the effect was purely chemical or electrochemical in nature, i.e. to 
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determine if the presence of the electric current in the Si-SOM experiment a necessary 
component of the degradation process. The test procedure is shown schematically in Figure 
52. A section of an open-ended 6 mole% Y20 3-Zr02 (referred to hereon as 6YSZ) tube was 
immersed completely in a 6YSZ crucible containing the flux at 1000 °C in a forming gas (5% 
H 2 - 95% Ar) atmosphere for 10 hours. The flux is a eutectic mixture of MgF2-BaF2 plus 5 
wt% silica. In the remaining document, all flux compositions will be expressed in wt% . 
Before immersion, the flux was held in its molten state at 1 000°C for two hours for 
equilibration. After the exposure, the tube was raised out of the flux, cooled and sectioned 
for analysis. 
YSZ 
Setup, raised, 
heat up 
YSZ 
Lowered, 
I 000 C, I 0 hrs 
Figure 52. Schematic of the preliminary stability tests performed. 
YSZ 
Raised, 
Cool down 
Figure 53 shows that the membranes exhibited similar inner cracks, which indicates 
that the inner cracking phenomenon is chemical and not an electrochemical process. 
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Figure 53. Cross section ofYSZ membranes after stability test with the eutectic BaF2-
MgF2 flux composition with 5 wt% silica. 
3.2.2 Yttrium Depletion and Yttrium-Depleted-Layer (YDL) 
EDS line-scans over the degraded membrane is shown in Figure 54. The figure 
shows that in the region between the edge and where the cracks stop, there is a decrease in 
yttrium concentration. This is consistent across multiple samples. This region with lower 
yttria content will hereto be referred to as d1e yttrium depleted layer (YDL). 
ICJ[;;d 
Y-L. 11456 Ba.10137 
I .. ~J~~ 
~J[CJ 
Figure 54. Cross section and line scan profile of F /Mg/Y /Ba/Zr across the 
degraded region. 
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3.2.3 Effect of Silica 
To test if silica plays a role in the membrane degradation, two different fluxes were 
used, one with no silica, and another with Swt% silica (the balance in both cases was an 
eutectic mixture of BaF2 and MgFz). Figure 55 clearly showed that the 5% silica flux caused a 
significant YDL, and the sample had inner cracks. The silica free flux had a significandy 
smaller effect on the membrane, and no inner cracks were formed. Thus, clearly, silica plays 
an important role in the chemical attack of the YSZ membrane. Also, Figure 55 shows that 
the addition of silica appears to increase the flux viscosity, as seen by the significant 
roughening of the flux surface with the silica addition. This is due to the presence of corner 
sharing tetrahedral Si04 chains in the melt. 
0% (wt) Si02 - balance eutectic BaF;zfMgF2 
•no significant 
degradation 
layer observed 
5% (wt) Si02 - balance eutectic BaF:z1MgF2 
•Viscous flux 
• Degradation 
layer both 
sides 
Figure 55. Comparison of stability test done with two different flux systems (left) 0% 
SiOz and (right) 5% SiOz, both are in weight percent, with the balance being an 
eutectic BaFz / MgFz mixture. 
3.2.4 Effect ofYttrium Fluoride 
The presence of a YDL has been previously reported, and adding YF3 to the flux has 
been proposed to improve membrane stability [63] and later experimentally validated [64]. 
Adding YF3 increases the activity of yttria in the flux and hence decreases (or reverses) the 
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chemical potential difference of yttria in the YSZ grains and the flux. Not surprisingly, the 
results (Figure 56) showed that adding yttrium fluoride reduced the YDL thickness. 
Effect of YF3 
5% Si02 - 2% YF3 3% Si02 - 5% YF3 
(a) (b) 
Figure 56. Comparison of stability test done with two different flux systems (left) 5% 
SiOz I 2% YF3 and (right) 3% SiOz I 5% YF3, both are in weight percent, and 
balancing eutectic BaFz I MgFz mixture. 
The above preliminary stability tests showed that: 1) Si02 appears to be the main 
cause of the YDL formation, and 2) YF3 in the flux is effective in reducing the YDL 
thickness. 
3.2.5 X-Ray Diffraction Studies of Degraded Membrane 
X-ray diffraction (XRD) analysis was carried out in the YDL and bulk regions of the 
degraded membrane, as marked in Figure 57. The XRD scans showed no monoclinic phase 
in the bulk region, and significant monoclinic phase formation in the YDL. 
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Figure 57. XRD comparison of the bulk YSZ and the YDL regions. 
3.2.6 Mechanical Property Measurements 
Micro-indentation and nano-indentation measurements were made over the YLD 
and bulk regions of the degraded membranes. Figure 58 shows that the bulk region has a 
significantly higher hardness and modulus compared to the YDL region. This can be related 
to the significant increase in porosity in the YDL region. 
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Figure 58. Mechanical indentation measurements at different regions in the 
membrane, left is nano-indentation, right is micro-indentation. 
3.2.7 Destabilization ofYSZ 
Based on the above observations, it 1s believed that YSZ destabilization is the 
degradation mechanism. With the loss of yttria, the stabilizing agent in YSZ, it is possible 
that the composition moves to the left on the phase diagram in Figure 49. at the elevated 
temperature. Thus, the YSZ composition goes from a composition where the non-
transformable tetragonal (t') phase is stable to a composition where the transformable 
tetragonal (t) phase is stable. On cooling, this tetragonal phase converts to the monoclinic (m) 
phase. 
3.2.8 Explanation of Inner Cracks 
It is well established that this t-?m phase transformation is accompanied by a ~9% 
volume expansion. Due to the destabilization of the outer YDL layers, the t-?m phase 
transition occurs in the YDL. The YDL wants to expand, but is held back by the bulk, 
putting the YDL in a state of compressive stresses. Due to force balance, the inside bulk 
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layer must then be in tension (as shown by arrows in the Figure 59). These tensile stresses in 
the bulk are responsible for the radial inner cracks. 
BulkYSZ 
(a) (b) 
Figure 59. Cross section of YSZ membrane with inner cracks, formed due to tensile 
stresses in the bulk region. (a) SEM image of the YDL and inner cracks, and (b) 
schematic of the cracks. 
3.2.9 Systematic Stability Test 
Since the preliminaty stability studies showed that there is a synergistic effect 
between the silica and YF3 on the degradation process, a more systematic stability study was 
carried out. Table 6 shows the matrix of silica (0, 1, 1.5 and 3 wt%) and YF3 (0, 1.5, 3, 5, 7.5, 
and 10 wt%) contents in a flux with the balance being eutectic BaF2-MgF2• 
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Table 6. Flux composition of the systematic stability study. 
O%Si02 1%Si02 1.5%Si02 3%Si02 
O%Si02 1%Si02 1.5%Si02 3%Si02 
O%YF3 O%YF3 O%YF3 O%YF3 
0%YF3 83.50%BaF2 82.67%BaF2 82.25%BaF2 81.00%BaF2 
16.50%MgF2 16.34%MgF2 16.25%MgF2 16.00%MgF2 
O%Si02 1%Si02 1.5%Si02 3%Si02 
1.5%YF3 1.5%YF3 1.5%YF3 1.5%YF3 
1.5%YF3 82.25%BaF2 81.41 %BaF2 81.00%BaF2 79.74%BaF2 
16.25%MgF2 16.09%MgF2 16.00%MgF2 15.76%MgF2 
O%Si02 1%Si02 1.5%Si02 3%Si02 
3%YF3 3%YF3 3%YF3 3%YF3 3%YF3 81.00%BaF2 80.16%BaF2 79.74%BaF2 79.49%BaF2 
16.00%MgF2 15.84%MgF2 15.76%MgF2 15.51 %MgF2 
O%Si02 1%Si02 1.5%Si02 3%Si02 
5%YF3 
5%YF3 5%YF3 5%YF3 5%YF3 
79.33%BaF2 78.49%BaF2 78.07%BaF2 76.82%BaF2 
15.78%MgF2 15.51 %MgF2 15.43%MgF2 15.18%MgF2 
O%Si0 2 1%Si02 1.5%Si02 3%Si02 
7.5%YF3 7.5%YF3 7.5%YF3 7.5%YF3 7.5%YF3 77.24%BaF2 76.40%BaF2 75.99%BaF2 74.73%BaF2 
15.28%MgF2 15.10%MgF2 15.02%MgF2 14.77%MgF2 
O%Si02 1%Si02 1.5%Si02 3%Si02 
10%YF3 10%YF3 10%YF3 10%YF3 10%YF3 75.15%BaF2 74.32%BaF2 73.90%BaF2 72.65%BaF2 
14.85%MgF2 14.69%MgF2 14.60%MgF2 14.36%MgF2 
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Due to large number of samples, the membranes were kept immersed in the flux 
from beginning to the end instead of being lowered into and raised out of the flux at the 
target temperature (Figure 60). 
Figure 60. Schematic of the setup for the systematic membrane stability study. 
Figure 61 shows appearance of the membrane exposed to the 3%Si02-0%YF3 flux. 
The figure shows that the flux remains attached to parts of the inner and outer surfaces of 
the SOM tube. The YDL and inner cracks are clearly visible in the figure. The red rectangle 
marks the region of interest, that includes the start ofYDL (where the inner crack ends) and 
the inside surface of the SOM membrane. 
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Flux YDL BulkYSZ YDL Flux 
Figure 61. Typical appearance of a polished membrane cross section after systematic 
stability test. 
An EDS elemental line-scan was carried out across the marked rectangle in Figure 61, 
and all the element line profiles are overlaid on top of the SEM image in Figure 62. 
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Figure 62. SEM and EDS line scans of typical cross section of degraded YSZ 
membrane. 
For clearer illustration, the line-scans were separated to three categories shown in 
Figure 63. Figure 63a shows that in the YDL, the Y and 0 signals drop together, somewhat 
sharply at the bulk YSZ/YDL interface, and then remain constant across the YDL (as 
opposed to a diffusion proftle in the YDL). This proftle suggests that the diffusion in the 
depletion layer is faster than the rate at which the YDL/bulk interface is moving into the 
YSZ membrane. Figure 63b shows that the flux elements, F, Mg and Ba have entered the 
YDL, and have a fairly uniform composition across the layer. Furthermore, the ratio of flux 
elements (F:Mg:Ba) is consistent with the flux concentration, which suggests that the liquid 
flux has penetrated the YDL at temperature. Figure 63c shows the Si, Zr, and 0 line scans. 
The figure shows a spike in these elements at the YDL/ flux interface. The composition of 
this region is consistent with ZrSi04 (zircon). It should be noted that this zircon layer is 
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formed only for the higher silica and lower YF3 cases. It 1s currently unclear at what 
temperature the zircon formation occurred. 
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Figure 63. Line profiles of major elements across YSZ membrane. 
3.2.9.1 2D-XRD Phase Identification 
The phases in the membranes were also studied by 2D-XRD (also known as 
"XRD2") after the stability tests. In the 2D-XRD, a small circular x-ray beam is used 
enabling a much smaller beam spot size for high spatial resolution (Figure 64). A laser 
alignment system allows precise location of the x-ray beam, which is why this technique is 
sometimes also known as "micro-XRD". Furthermore, 2D-XRD also gives some lateral 
information that can be used to obtain grain size and texture. A typical diffraction Bragg 
plane is a ring for 2D-XRD compared to a peak in 1D-XRD's peak (Figure 64b). 
(a) (b) 
Figure 64. (a) Schematic of a 2D-XRD (XRD2) system, (b) the detector and typical 
diffraction rings for 2D-XRD [65]. 
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Figure 65a and Figure 65b shows the 2D-XRD scans aimed at the bulk and YDL 
regions, respectively. The integrated peaks are overlaid onto the 2D-XRD images for 
identification. As shown by Figure 65b, monoclinic rings were composed of fine dots while 
the tetragonal rings were made up of discrete bright dots. This is an indication that the 
monoclinic phase is fine grained, while the grain size of the tetragonal phase is large. 
Comparison of (a) and (b) shows clear evidence of the t~m phase transformation. 
Figure 65c shows the 2D-XRD image from the new phase formed at the YDL/ flux interface. 
The rings &om this phase are consistent with zircon. The few discrete bright dots in this ring 
is indicative of the large grain size of the zircon phase. 
When comparing (a) and (b), the t~m phase transformation is clearly evident. 
Furthermore, 2D-XRD gives extra information such as the tetragonal phase turned to 
discontinuous dots that represent small number of grains and randomly orientated. Another 
2D-XRD (Figure 65c) was aimed at the outer layer and confirmed the existence of zircon 
with large grains (i.e. few discrete bright dots). 
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Bulk 
m 
(a) 
Figure 65. 2D-XRD scans of (a) bulk YSZ, (b) YDL, (c) the outer zircon layer ofYSZ 
membrane after stability experiment. 
3.2.10 Effect ofY and Si on YDL 
Since yttrium line profile is the most critical in defining the YDL phenomenon, it is 
chosen to be the metric to compare the stability of the samples listed in Table 6. Figure 66 
shows theY profiles of samples across the YDL, separated into sets with the same Si (silica) 
content in the flux. 
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Figure 66. Line profiles ofyttrium across the YSZ/flux interface from the systematic 
stability study. 
From the collective data, three types of line-profile shapes can be discerned: 
1). A step-drop at the bulk YSZ / YDL interface and a consistent profile in the YDL 
(e.g. O%Si with 0% YF3, 1 %Si with 0-5% YF3 1.5%Si with 0-5% YF3, 3% Si, with 0-7.5% 
2). A step-drop at the bulk YSZ/ YDL interface, a consistent profile in the YDL, and 
a spike at the membrane/ flux interface (e.g. 0% Si with 7.5-10% YF3, 1% Si with 7.5-10% 
YF3, 1.5%Si with 10% YF3). 
3). A constant profile thought the whole membrane thickness (e.g. 0% Si with 1.5-5% 
YF3, 1.5% Si with 7.5% YF3, 3%Si with 10% YF3). 
Most samples have the first type of profile. The constant Y composition in the YDL 
1s indicative that the depletion rate is not controlled by diffusion. The most distinct 
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difference between the profiles is the difference in YDL thickness. The second type of 
profile with the Y spike at the membrane/ flux interface occurs in the cases where the flux 
has a very high YF3 content. In this case, theY has a higher chemical in the flux compared 
to the membrane, and Y migration occurs from the flux to the membrane. This phenomena 
has been reported in a previous membrane stability study for Mg-SOM [64]. The third type 
of constant Y profile indicates that the chemical potential of Y in the membrane and flux are 
closely matched, and no Y migration occurs. 
The thicknesses of the YDL regions were measured and the YDL thicknesses are 
plotted as a bubble plot in Figure 67. In general, the YDL thickness increases with increasing 
silica content and decreases with increasing YF3 content in the flux. This is further illustrated 
in Figure 68, which shows the increasing trend in YDL thickness with the silica content in 
the flux when the YF3 concentration is held at 5%, and a decreasing trend ofYDL thickness 
with increasing YF3 content in the flux, when the silica concentration in the flux is held at 
3%. 
One interesting note is the fairly significant thickness of the YDL formed, when 
there is no silica or YF 3 in the flux. This thickness quickly goes to zero for the 0% silica cases, 
with YF3 is added to the flux. This may be due to the presence of small amounts (0.15%) 
silica impurities in the YSZ [66]. 
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Figure 67. YDL thickness (11m) as varying SiOz and YF3 content in the flux. 
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Figure 68. (left) YDL thickness vs. SiOz content with fixed 5% YF3 and (right) YDL 
thickness vs. YF3 content with 3% SiOz. 
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3.3 Degradation ofYSZ- Literature Review 
In the YSZ production process, yttria is added to zirconia. Dissolution of yttria on 
zirconia leads to the t-7c phase transfotmation once the overall composition gets into the 
two phase (t+c) region (Figure 49). For this reason, the t-7c transformation has been a 
subject of many studies [67], [68]. Matsui reported that grain boundaries are primary 
diffusion paths for the t-7c transformation in YSZ, and termed the transformation 
mechanism as boundary segregation-induced phase transformation (GBSIPT) [69]. 
The depletion of yttrium from YSZ that leads to the c-7t transformation, has been 
less studied, and is the subject of this research. A recent paper by Reddy and Gandhi [70] 
summarizes different degradation mechanisms of YSZ. These include: leaching of yttria 
from the zirconia matrix due to interaction with salts, dissolution of YSZ in the molten salt, 
salt infiltration into the pores in YSZ and the subsequent chemical interactions, and physical 
damage due to solidification of the liquid salt in the pores of the YSZ. Martin et al. studied 
YSZ stability in CaO-CaC12 melts for their SOM process [71]. They proposed the 
degradation mechanism to be a complex combination of chemical, electrochemical, and 
mechanical processes. They proposed that molten salts infiltrate into the pores within the 
membrane and leach the stabilizer from zirconia. They reported a 300 1-Lm thick depletion 
layer after 10-20 hours of electrolysis at 850 °C. The depleted region was found to have 
roughly equal volume fraction of tetragonal and monoclinic phases. Mori studied the stability 
of tetragonal zirconia in molten fluoride salts (Na2SiF6, PbFz) [72], and also found a surface 
region that had undergone t-7m transformation, which was attributed to Na and/ or Si 
cations in the molten salt. Stournaras and co-workers reported an increase in the surface 
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monoclinic phase composition in YSZ exposed a LiF, NaF, KF eutectic mixture in the 
temperature range of 700-900 °C [73]. 
3.3.1.1 Effects of Silica to YSZ Performance 
The interaction between silica and YSZ has been discussed extensively in the 
literature. Silica is known increase the grain boundary impedance in YSZ [74--78]. At high 
temperature (1300°C) a glassy silica phase is found to predominantly reside at the triple 
junctions of the grains [79] [80]. There is debate on whether silicon ions go into the YSZ 
grain [79] [80], although silica segregation in a 5-8 nm region at grain boundaries is widely 
reported (Figure 69) [79] [81]. Since silica is an effective barrier to oxygen transport, its 
presence in the SOM membrane is an unwanted phenomenon [82]. 
(a) (b) 
Figure 69. TEM images showing a silica glass phase at (a) grain boundaries [83] and 
(b) triple-junctions [84] in YSZ. 
3.3.1.2 YSZ Degradation with Silica 
Since Si02 appears to play an active part in this degradation of interest, review of 
existing studies regarding YSZ/ silica degradation is conducted. Long-term stability of YSZ 
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has been widely studied in the TBC community because the integrity of the coatings 1s 
crucial to ensure proper performance and failure to do so could lead to catastrophic result. 
Another application where there have been extensive investigations of the 
interactions of YSZ and silica is in the degradation of thermal barrier coatings exposed to 
low melting temperature sand. Kramer [85] studies the effects of calcium-magnesium-
alumino-silicate (CMAS) on 7YSZ in the 1200-1400°C range. They found that CMAS rapidly 
penetrates to the open pores of the plasma sprayed YSZ TBC, which is significantly more 
porous than the SOM membrane in this study. They hypothesized that YSZ dissolves in the 
CMAS, and reprecipitates at lower temperatures in a more phase-pure zirconia, that 
transforms to the monoclinic phase below ~ 500°C. Aygun and coworkers [86] suggest that 
the t-7m transformation takes place during the dissolution-reprecipitation process (Figure 
70) . 
b 
Figure 70. Bright-field TEM images of TBC interactions with CMAS glass, the glass 
and m -Zr02 grains are marked [86]. 
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3.3.2 Mechanism ofYSZ Degradation in the Si-SOM System 
A summary of the facts about the YSZ degradation in the eutectic BaF2-MgF2 flux 
with varying amounts of Si02 and YF3 are: 1) There is a depletion of the stabilizer (yttria) in 
the YSZ, adjacent to the melt leading to the YDL layer. 2) The depleted region appears to be 
rate controlled by a moving interface across which there is a sharp drop in Y concentration. 
3) Remarkably, the Y profile in the depleted region is the same for all YDLs observed in this 
study (Figure 66). At room temperature, there is a mixture of cubic (which is very hard to 
distinguish from the tetragonal phase by XRD) and monoclinic phases in the YSZ, implying 
that at temperature, a c-7t transformation must have occurred. 4) There is penetration of 
flux into the YDL, such that the flux composition is uniformly distributed through the YDL 
thickness (Figure 63). 
As observed above, the Y profile goes to the same value in the YDL in all cases. A 
hypothesis for this phenomenon is shown in Figure 71. The observations are consistent if Y 
depletion causes the overall YDL composition to move to the left, till the composition 
reached the t/ (t+c) boundary. The figure shows that this corresponds to a yttria reduction 
from 6 at% (point 1) to 2 at% (point 2). This corresponds to Y reduction from 3.8 at% to 
1.8 at% (Table 7), a 66% decrease. The measured Y concentrations in the bulk and YDL are 
4.25 at% and 1.61 at%. TheY concentration differences between the expected and measured 
values is not surprising, since oxygen is a light element, and its quantification by EDX is not 
very accurate. However, the measured drop in the Y concentration corresponds to a 
decrease of 62%, which is quite close to the expected value, if indeed the overall 
composition stops at the t/ (t+c) phase boundary. On cooling below 500°C room 
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temperature (point 3), the composition falls in the (t+m) two-phase region, consistent with 
the observations. 
cubic (c) 
(.) 
0 
c: 
Q) 1 
L. 
::::1 (6 
.... Q) 
a.. 
E 
2 
2.5 5 7.5 10 
mol% Y703 
Figure 71. Proposed path of yttria depletion in YSZ. 
Table 7. Atomic percent of 0 /Y /Zr of 6YSZ and 2YSZ. 
6YSZ 2YSZ 
(Point 1 in Figure 71) (Point 2 in Figure 71) 
0 at% 66.0% 66.4% 
Yat% 3.8% 1.3% 
Zrat% 30.1% 32.2% 
When yttria is removed from the c-YSZ, it converts into t-YSZ. The fact that the 
depletion stops at the boundaty of the single phase t-YSZ suggests that diffusion is easier in 
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the cubic phase as compared to the tetragonal phase; i.e., once all the c-YSZ has lost its yttria 
to convert to t-YSZ, no more yttria can be removed, at least within the time frame of the 
experiments conducted in this study. This is consistent with the observations of Chokshi and 
coworkers, who studied Coble and Nabarro-Herring creep in YSZ samples with different 
phases to back out effective bulk and grain boundary diffusivities in the cubic and tetragonal 
YSZ phases [87]. As seen in Figure 72, d1e activation energy for both bulk and grain 
boundary diffusion is smaller in c-YSZ as compared to t-YSZ, suggesting that atoms have a 
higher mobility in the cubic phase. The figure shows the extension of their data to 1100 °C, 
where the bulk diffusivity in cubic YSZ is more than an order of magnitude higher than that 
in tetragonal YSZ. 
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Figure 72. Lattice and grain boundary diffusion coefficient of cubic and tetragonal 
zirconia at different temperature [87]. 
The proposed degradation mechanism is shown schematically in Figure 73. Before 
degradation, the YSZ membrane consisted of both tetragonal and cubic phases dictated by 
phase diagram. The cubic phase (dark grey) has higher yttria content. The silica in the flux 
attacks the grain boundaries of the YSZ. This attacked region allows for easy grain 
penetration of the flux, which opens up the grain boundaries, which are filled with liquid 
flux. The easy diffusion of the flux quickly equilibrates the chemical potential of Y at the 
YDL grain boundaries to that in the bulk of the liquid flux. If this chemical potential is lower 
than that of Y in the YSZ grains, Y (and 0) diffuses out from the cubic YSZ grains. This 
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yttria depletion converts the cubic grams to tetragonal. When all the cubic grams are 
converted, the slower mobility in the tetragonal phase stops (slows down significandy) 
further diffusion of Y out of the grains. The loss of yttria from the YSZ can lead to the 
formation of voids within the YSZ grains in the YDL. 
tetragonal Y-rich cubic Attacking front Attacking front 
(a) (b) (c) 
YDL formation 
I 
(d) 
Figure 73. Proposed mechanism of membrane degradation exposed to flux at 
elevated temperature. 
Figure 7 4 shows an SEM micrograph of a YDL region in a degraded membrane. The 
figure shows overlaid F and Y scans. It should be noted that wherever F spikes, the Y 
concentration drops. These locations correspond to grain boundaries, where flux has 
penetrated the YDK. The regions between the grain boundaries (F spikes) are grains, where 
the Y concentration is uniform. This reinforces that fact that in the YDL, the grains are 
losing Y uniformly, since the rate controlling step of silica attack is slower than the out 
diffusion of Y from the bulk of the grain to the grain boundary surrounding the grain. The 
figure also shows a dot-map of F, indicating significant flux accumulation at the triple 
junctions of the grains. 
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(b) 
Figure 74. SEM images of degraded membrane after the stability experiment. The 
right inset focuses at the interface between bulk YSZ and YDL as indicated by the 
red box, along with includes line profiles of Y and F are overlaid. The elemental 
maps ofF and Si in the region marked by the blue square is shown in the bottom 
inset. 
In order to better characterize grain boundaries, the samples were thermally etched 
for 1h at 1500°C. Figure 75 shows the bulk YSZ/YDL interface in the thermally etched 
sample. The grain boundaries are now clearly visible. Even though there is considerable 
porosity in the YDL, the grain size in both the bulk and YDL regions appear mostly 
unchanged. The figure shows that the grain boundaries in the YDL are definitely attacked, 
and flux vaporization leads to voids at the grain boundaries and triple junctions in the grains. 
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Also, some voids are present within the grains of the YDL, which are not present in the bulk 
YSZ, consistent with the schematic in Figure 73. 
Figure 75. SEM images of thermally etched membrane cross section of the degraded 
region. 
Increasing the Y content of the flux appears to slow down the rate at which the silica 
attacks the grain boundary of the YSZ. This mechanism is not currendy understood, and will 
likely require TEM studies of the grain boundaries to understand the synergistic effects of 
silica and yttria in the flux. 
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3.3.3 New Flux Design Based on the Stability Study 
Since the stability studies showed that the silica in the flux attacks the, while 
increasing YF3 in the flux reduces this attack. A certain concentration of silica in the flux is 
needed, since the goal is to produce Si by the SOM process. For that purpose, a 2 wt% silica 
and 15 wt% YF3 flux composition was proposed. and combined with the stability study 
observation, a flux design of 2% Si02 / 15% YF3 was proposed. Figure 76 shows the 
membrane after 27 continuous hours of hours of operation. The tube appears to be virtually 
new. Cross sectional SEM observation of this membrane showed no YDL formation, or 
interaction with the flux. This appears to be an excellent candidate for the flux for extended 
SOMruns. 
YSZ Flux 
(b) 
Above flux 
Below flux 
, 
(c) 
(a) 
Figure 76. (a) Photo of YSZ membrane after Si-SOM run 16, SEM images (b-e) of 
cross section ofYSZ membrane after run 16, EDS line profiles ofO/F/Y are overlaid 
to the SEM images. 
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3.4 Other Issues in SOM 
Besides membrane stability, there were few other issues investigated in this study. 
These include: 1) current collector design, 2) cathode design, and 3) Si deposit formation and 
extraction. They will be addressed in the following sections. 
3.4.1 Tungsten Current Collector 
Tungsten was used as current collector for the Si-SOM process. In the region where 
the tungsten rod was is in contact with the flux during electrolysis, a -30 f.!m dense deposit 
layer was observed (Figure 77). 
500um 
Figure 77. Deposition layer around tungsten rod after Si-SOM experiment. 
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Figure 78. WxSiy layer formation around tungsten cathode. 
A line scan across this layer (Figure 78) shows a uniform profile of Si and W. The 
phase diagram of tungsten and silicon shows that at the SOM operating temperature (Figure 
79), W5Si3 and WSi2 are stable compounds. EDS quantification showed that the phase is 
likely WSi2• 
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Due to the formation of tungsten silicide, a protective sleeve between the cathode 
and the flux is recommended. However, longer SOM runs showed that the silicide reaches a 
steady state thickness of ~70 1-lm after which it stops growing (Figure 80). Since this silicide 
layer appears to be electrically conducting, this can be a method for the W rod to form a 
self-passivating layer without sacrificing electrical conductivity. 
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Figure 80. SEM images oftungsten silicide layer from multiple SOM runs. 
3.4.2 Liquid Tin Cathode 
Tin was chosen as extended cathode in contact with tungsten. Unlike tungsten, tin 
and silicon do not form any intermetallic compounds (Figure 81). The wettability between 
the molten Sn and silicon is low, as reported by Okazaki, who observed a high contact angle 
between silicon and molten tin [96]. 
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Figure 81. Phase diagram of Si and Sn. The red dotted line indicates the SOM 
operating temperature [97]. 
3.4.3 Si Crystals 
After Si-SOM with this W / Sn cathode design, single crystals of Si were observed on 
the tin surface (Figure 82). Figure 83 shows an EDX spectrum from one of these crystals, 
indicating that there are no significant impurities in the Si. 
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Figure 82. Single crystal silicon, obtained by the Si-SOM process. 
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Figure 83. EDS spectrum from a silicon crystal. 
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Aside from the large Si crystallites observed on the tin surface, submicron sized small 
silicon crystals were found below the surface (Figure 84). This is because there is significant 
solubility (6 at%) of Si in molten Sn at the SOM temperature (Figure 81) . During the SOM 
process, the Sn gets saturated by Si, which precipitates out as fine crystallites on cooling. 
201Jm 
Figure 84. Cross section of the extended liquid tin cathode. 
The silicon crystallites were extracted from Sn by wet-chemical etching (Equation 5): 
Sn (s) + 2 HCI (aq)- SnCh (aq) +Hz (g) Equation 5 
The etched materials were then rinsed with water and filtered. Figure 85 shows the Si 
crystals obtained by the Si-SOM process, thus providing validation that of this method to 
separate silica directly in Si. 
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Figure 85. Si crystals produced by Si-SOM extracted by chemical etching, (top) 
Optical microscope photos, (bottom) SEM image. 
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3.5 Conclusion from Si-SOM Studies 
Si-SOM is an environmentally friendly method to produce pure silicon from silica 
(SiOz). For large-scale and long-term production, the stability of the SOM membrane is key. 
The stability of the YSZ membrane is a key focus of this study. A unique "inner crack" 
failure mode was observed for the Si-SOM process. This was attributed to yttrium depletion 
in the cubic grains in the YDL region of the YSZ, and the accompanying c-7t phase 
transformation. To understand the mechanism and develop a strategy to overcome this issue, 
a series of systematic experiments were designed and performed. The synergistic roles of 
silica and YF3 in the flux were explored in this research. Based on the stability test results, a 
new flux design was proposed and tested. The flux composition did not attack the SOM 
membrane, and successful separation of silica in the flux to phase pure Si crystals was 
demonstrated without any apparent damage to the SOM membrane. 
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Chapter 4. Conclusions 
Two studies of the stability of ceramic materials at high temperature under corrosive 
environments were undertaken in this research. 
The first application involved the use of ceramic materials in gas turbines. A hybrid 
coating system was developed to protect SiC/SiC ceramic matrix composites (CMCs) that 
are increasingly being used in the hot-sections of aerospace gas turbines, from hot-corrosion 
and recession. The coating system consisted of a mullite-based environmental barrier coating 
(EBC) deposited by chemical vapor deposition, the first ever such deposition over SiC/ SiC 
CMC substrates. The role of the EBC is to protect the CMC from chemical attack. A YSZ 
thermal barrier coating (TBC) was deposited over the EBC by air-plasma spraying. The TBC 
allows a steep temperature gradient across it to lower the temperature of the CMC for 
increased lifetimes. The EBC coating was functionally graded from stoichiometric mullite 
(3Al20 3•2Si0z) at the CMC/ EBC interface for CTE match to a highly alumina-rich mullite 
at the TBC/ TBC interface for CTE match and improved hot-corrosion and recession 
properties. The hybrid coating system demonstrated excellent physical and chemical stability 
under severe thermal shock and exposure to an aggressive hot-corrosion environment. 
The second application involved the study of degradation processes during the 
formation of solar-grade silicon by an inexpensive and environmentally friendly 
electrochemical process using an YSZ solid oxide membrane (SOM) at elevated 
temperatures of ~1100 °C. The SOM membrane is exposed to a complex fluoride flux with 
dissolved silica, which is then electrochemically separated into silicon and oxygen. The 
stability of the SOM membrane is crucial to ensure high efficiency and long-term 
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performance of the SOM process. The stability of the YSZ membrane was a key focus of 
this study. A failure mode of the SOM membrane by the formation of "inner cracks" was 
studied, and attributed to yttrium depletion in the YSZ, which leads to phase transformation 
from the cubic to tetragonal phase. A series of systematic experiments were designed and 
performed to understand the synergistic roles of silica and YF3 in the flux in membrane 
degradation. It was shown that silica attacks the SOM membrane, while YF3 in the flux slows 
down the attack. The mechanism of the yttria depleted layer (YDL) formation was attributed 
to grain boundary attack by the silica in the flux, which was the rate-controlling step. This 
led to rapid ingress of the flux into the attacked grain boundaries, and the out diffusion of Y 
from the cubic YSZ grains to the grain boundary. This depletion of the Y from the cubic 
grains transformed them into tetragonal. Once all of the cubic grains in the YDL region 
converted to tetragonal YSZ grains, no further diffusion occurred. Based on the stability test 
results, a new flux design was proposed and tested. The flux composition did not attack the 
SOM membrane, and successful separation of silica in the flux to phase pure Si crystals was 
demonstrated without apparent damage to the SOM membrane, thereby demonstrating the 
viability of the Si-SOM process. 
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